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We determine the discovery potential of the Large Hadron Collider (LHC) at 13 TeV center-of-mass energy
for a heavy scalar resonance in the dilepton channel. In particular, we consider the singlet-like heavy mass
eigenstate of a mixed two Higgs doublet and scalar singlet model in the U(1)B−L extension of the Standard
Model. We find that, despite the small coupling of the singlet scalar with the doublets, this heavy scalar can be
discovered with 5σ at the LHC with integrated luminosities of ∼ 300 to 1400 fb−1 in the mass range between
500 GeV and 1 TeV.
I. INTRODUCTION
The discovery of a scalar resonance with a mass of 125
GeV at the Large Hadron Collider (LHC) has at first glance
completed the Standard Model (SM) of particle physics [1, 2].
However, it is well known that the abundance of dark matter in
the Universe and the origin of neutrino masses cannot be ex-
plained within the SM. Both of these problems can, however,
be solved by extending the Higgs sector and connecting it to
dark matter and neutrinos through the so-called Higgs portal
[3, 4]. Extensions containing two Higgs doublets and/or addi-
tional singlets have been shown to be particularly successful
for neutrinos [5–10], dark matter [11–25], with respect to the
stringent limits on flavor-changing neutral currents (FCNCs)
[26–29], or all of the above [30–33]. These extra scalars have
been studied in the literature in the context of effective, sim-
plified and UV-complete models. While for the first two the
parameter space remains large and ambiguous, the parameters
in UV-complete models are closely connected to each other,
making their study more challenging, but also more consis-
tent.
U(1)X gauge extensions of the SM with an extended Higgs
sector can explain the current relic abundance of dark mat-
ter in the Universe with scalar singlet, doublet or triplet dark
matter [34–36] and the origin of neutrino masses through the
seesaw mechanism [37]. Recently, LHC lower limits on the
masses of the new gauge bosons predicted by different extra
gauge symmetries have been imposed [38–40]. Current dark
matter experimental bounds on the Z −Z ′ mixing angle have
been shown to leave open some parameter space that can be
explored by upcoming experiments [36]. Here, we turn to the
scalar sector and explore the sensitivity of the LHC to heavy
scalar resonances in the U(1)B−L gauge extension. Our study
extends similar earlier studies for twin and composite Higgs
models [41] and the NMSSM [42].
The LHC will remain the most powerful accelerator in the
world for at least the next two decades. After the 2023-2025
upgrade, it will reach integrated luminosities of ∼ 1000 fb−1
or more [43]. During the following high-luminosity (HL)
phase, it will explore and potentially discover signals that
were until then too small or hidden in large backgrounds.
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II. THE MODEL
We consider a U(1)X extension of the SM gauge symme-
try group that contains in addition to the SM particle content
right-handed neutrinos, a two Higgs doublet model (2HDM),
and a scalar singlet field. We focus on the U(1)B−L symme-
try because it is known to have many important implications in
cosmology. In particular, the model is able to explain neutrino
masses, while being at the same time free of FCNCs. It there-
fore resembles the type-I 2HDM with an additional singlet,
where only one scalar doublet contributes to the SM fermion
masses via the Yukawa Lagrangian
LY2HDM = yd2Q¯LΦ2dR + yu2 Q¯LΦ˜2uR + ye2L¯LΦ2eR
+ yDL¯LΦ˜2NR + Y
M (NR)cΦsNR + h.c.
(1)
Here, the scalar doublets are written as
Φi =
(
φ+i
(vi + ρi + iηi) /
√
2
)
, (2)
while the scalar singlet is Φs = (vs + ρs + iηs)/
√
2.
Models with additional U(1)X gauge symmetries and ex-
tended scalar sectors generally have reduced scalar potentials.
Also our scalar potential includes fewer operators than the
usual 2HDM with an additional singlet due to the U(1)B−L
charge assignments of the scalar fields. In particular, the
scalar doublets Φ1 and Φ2 have to transform differently un-
der U(1)B−L in order to prevent FCNCs. At lower energies,
this effect then plays the role of the Z2 symmetry that is typi-
cally employed to stabilize dark matter. This setup also affects
the mass spectrum of the scalar sector. The pure doublet and
singlet-doublet parts of our scalar potential read
V (Φ1,Φ2) = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2
+
λ1
2
(
Φ†1Φ1
)2
+
λ2
2
(
Φ†2Φ2
)2
(3)
+ λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
,
Vs = m
2
sΦ
†
sΦs +
λs
2
(
Φ†sΦs
)2
+ µ1Φ
†
1Φ1Φ
†
sΦs
+ µ2Φ
†
2Φ2Φ
†
sΦs +
(
µSΦ
†
1Φ2Φs + h.c.
)
. (4)
Note the absence of the λ5 operator typical for 2HDMs, which
gives mass to the psedoscalar. This mass is generated here by
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2Table I. U(1)B−L charges for all fermions and scalars of our model. In particular, this assignment of charges is able to explain neutrino masses
and the absence of flavor-changing currents in the type-I 2HDM.
Fields uR dR QL LL eR NR Φ2 Φ1 Φs
Charges u d (u+d)
2
−3(u+d)
2
−(2u+ d) −(u+ 2d) (u−d)
2
5u
2
+ 7d
2
2u+ 4d
U(1)B−L 1/3 1/3 1/3 −1 −1 −1 0 2 2
the interaction of the scalar doublets with the singlet, requiring
the parameters µi of the potential to be non-zero in order to
avoid massless Goldstone bosons.
We are interested in a particular framework, in which there
is a mH < mh  mS mass hierarchy. This framework
will allow us to make consistent scans with a weakly coupled
heavy scalar S and light scalar H , while h remains SM-like.
In general, the neutral CP-even scalar mass eigenstates mix ashH
S
 =
cα2 0 −sα20 1 0
sα2 0 cα2
1 0 00 cα1 −sα1
0 sα1 cα1
×
 cα sα 0−sα cα 0
0 0 1
ρ1ρ2
ρs
 .
(5)
The mixing angles α, α1 and α2 depend on the parameters
of the scalar potential and on the vacuum expectation values
(VEVs) of the scalars. In the limit of µi  1 (α1, α2 
1), the angle α coincides with the mixing angle of the usual
2HDM with the H-h mixing given by [44](
H
h
)
∼
(
cosα sinα
− sinα cosα
)(
φ1
φ2
)
(6)
and
tan 2α ∼ 2(λ3 + λ4)v1v2
λ1v21 − λ2v22
. (7)
For the pseudoscalar and charged scalar we obtain
m2A ∼
µ(v21v
2
2 + v
2v2s)√
2v1v2vs
(8)
and
m2H+ ∼
(
√
2µvs − λ4v1v2)v2
2v1v2
(9)
with v2 = v21 + v
2
2 = (246 GeV)
2. In the limit α1,2  1, the
scalar masses can be approximated by
m2s ∼ λsv2s , (10)
m2H ∼ 1
2
(
λ1v
2
1 + λ2v
2
2 −
√
(λ1v21 − λ2v22)2 + 4(λ3 + λ4)2v21v22
)
,
m2h ∼ 1
2
(
λ1v
2
1 + λ2v
2
2 +
√
(λ1v21 − λ2v22)2 + 4(λ3 + λ4)2v21v22
)
,
where clearly the scalar singlet can be seen as if it had de-
coupled form the doublets. Its mass then depends only on its
self-coupling λs and VEV vs.
Figure 1. Parameter space in the λ1,2,34 plane compatible with cur-
rent measurements of the SM Higgs boson mass mh for a ratio of
Higgs doublet VEVs tβ = tanβ = v2/v1 = 10. Our benchmark
point is shown in black.
As one can observe from Eqs. (10), the masses of the SM-
like Higgs boson h and the lighter boson H are coupled, and
their splitting depends in particular on the combined parame-
ter λ34 = λ3 + λ4. In Fig. 1 we show the available parameter
space in the λ1,2,34 plane compatible with the current mea-
surement of the SM-like Higgs boson mass mh for a ratio of
the Higgs doublet VEVs tβ = tanβ = v2/v1 = 10. We stress
that all scanned points shown here are compatible with the sta-
bility and perturbativity of the potential as required [45, 46].
The black star denotes the benchmark point that we will con-
sider in our phenomenological studies. The first conclusion
that we can draw form Fig. 1 is that the available parameter
space is strongly affected by imposing the mass of the SM-like
Higgs boson, requiring the parameter λ2 to lie in the narrow
window [0.21−0.27] for 0.01 < λ1 < 10 and 0.1 < λ34 < 1.
In Fig. 2 we show the dependence of the mass of the lighter
Higgs boson H coming from the second doublet in the region
compatible with the measured mass of the SM-like Higgs bo-
son h. As one can see, mH depends almost linearly on λ1
for small values of λ34 < λ1 and fixed mh. The black star de-
notes again our benchmark scenario, which we have chosen to
avoid low-energy constraints coming from the STU parame-
ters. This is achieved by selecting a mass of the pseudoscalar
Higgs boson A in Eq. (8) that is nearly degenerate with mH .
For our benchmark point with tβ = 10, vs = 5 × 104 GeV
and µ = 7 × 10−6, we obtain mA = 72 GeV, which is in-
deed nearly degenerate with mH and thus compatible with
the STU requirements.
The couplings of the SM fermions to the CP-even scalars
3Figure 2. Dependence of the mass of the lighter Higgs H on the
self-couplings λ1 and λ34. Our benchmark point is shown in black.
Table II. Scalar coupling constants of the SM fermions.
Vertex Coupling constant
H tt¯,H bb¯,H τ τ¯ sinα cosα2−cosα sinα1 sinα2
sin β
h tt¯, h bb¯, h τ τ¯ cosα cosα2−sinα sinα1 sinα2
sin β
S tt¯, S bb¯, S τ τ¯ cosα1 sinα2
sin β
are given in Tab. II. In the weak coupling limit of the heavy
scalar singlet, they reduce to those given in Tab. III. As Fig. 3
Table III. Same as Tab. II in the limit α1, α2  1.
Vertex Coupling constant
H tt¯,H bb¯,H τ τ¯ sinα
sin β
h tt¯, h bb¯, h τ τ¯ cosα
sin β
S tt¯, S bb¯, S τ τ¯ sinα2
sin β
shows, SM-like branching ratios 0.95 < cosα/ sinβ < 1
of the Higgs boson h can be achieved in all regions of our
coupling parameter space. We have also verified that for our
benchmark point, shown again in black, the ligher CP-even
Higgs boson H has a branching ratio BR(H → bb¯) = 97%,
which makes its discovery difficult due to the large QCD back-
grounds.
Extensions of the gauge group can in principle have a large
impact on the branching ratios of the scalars to gauge bosons,
which scale with the gauge coupling constant. While this is
not relevant for the light Higgs boson H , as mH < 2mW,Z ,
it could well be of importance for the prime object of our in-
terest, the heavy scalar S. In U(1)X extensions of the SM, ki-
netic mixing between the neutral gauge bosons occurs due the
mixing of the field strength tensors Bµν and Xµν of U(1)Y
and U(1)B−L,
Lgauge = −1
4
BµνB
µν +

2 cos θW
XµνB
µν − 1
4
XµνX
µν .
(11)
We set the kinetic mixing parameter to  = 10−4 in accor-
Figure 3. Compatibility of the 2HDM with an additional scalar sin-
glet with SM-like fermionic branching ratios of the Higgs boson h
for tβ = 10. Our benchmark point is shown in black.
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Figure 4. Mass of the extra gauge boson mZ′ as a function of the
singlet VEV vs for two values of gB−L = 0.1 and gB−L = 0.01.
Our benchmark point is shown in black.
dance with the experimental constraints [47, 48] with the re-
sult that the branching ratios of the heavy scalar S to SM
gauge bosons are also suppressed, while the decay into two
Z ′ bosons is in principle allowed.
Additional mixing arises from the neutral gauge boson
mass terms, since the scalar doublet Φ1 is charged underB−L
and contributes to the Z ′ mass. This mixing is, however, small
in our case, since vs  v1. For large vs, the new gauge boson
mass is given by mZ′ ∼ 12gB−LqSvs, where qS = 2 is the
charge of the singlet scalar under the new gauge symmetry.
Its dependence on vs is shown in Fig. 4 for different values
of the new gauge goupling gB−L. We choose gB−L = 0.1 in
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Figure 5. Dominant branching ratios of the heavy scalar S as a func-
tion of its mass for mixing angles α1 = α2 = 10−4.
accordance with the latest LHC limits [49].
In the following, we focus on the production and decay of
the new heavy scalar S. Once the scalar bosons have mixed,
they share all the production and decay channels allowed by
the symmetries. The decay channels depend not only on the
available phase space, but are also strongly model-dependent.
Depending on the values of vs and gB−L, scalar decays into
Z ′Z ′ orZ ′Z will be allowed by phase space. We have adopted
scenarios, where those channels are closed by phase space,
and focus instead on direct decays to SM particles. While
these channels can provide information on the new gauge cou-
pling, we leave their exploration for future work.
When the coupling of the heavy singlet S to both doublets
is very small (µi ∼ 10−6 and α1,2 ∼ 10−4), it decays prim-
parily into hh and Hh, as we can see in Fig. 5. The reason
is that the corresponding partial widths are proportional to vs
(see Appendix) and remain competitive, despite the strong µi
suppression, against the fermionic decay channels, that are
proportional to sinα2 (cf. Tab. III). For larger couplings of
the singlet to the second doublet (α2 ∼ 10−2), the situation
changes and the decay to dimuons becomes visible. This is
the channel that we will exploit in the following.
III. LHC PHENOMENOLOGY OF A HEAVY
SINGLET-LIKE HIGGS BOSON
Let us now explore the hypothesis of a heavy Higgs boson
with mass at the TeV scale. We want to estimate its discovery
prospects at the HL-LHC with 13 TeV center-of-mass energy.
As we have adopted a scenario of a weakly coupled singlet-
like scalar S, the mixing angles α1,2 have to be small. We
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Figure 6. Same as Fig. 5 for mixing angles α1 = 10−4 and α2 =
10−2.
first examine further its branching ratios in the two scenarios
α1 = α2 = 10
−4 and α1 = 10−4, α2 = 10−2. The dominant
channels for both cases were shown in Figs. 5 and 6. For
the first case, the large branching ratios to hh and Hh seem
promising at first sight. Unfortunately, the tiny production
cross section makes this scenario inconceivable for the current
and prospective luminosities of the LHC and HL-LHC, as one
can see from Fig. 7 (left). Therefore, we focus on the second
scenario in order to see if it is possible with the upgrade of the
LHC and HL-LHC to explore the TeV-scale parameter space
in the scalar sector of our model. For this scenario, where
α1 = 10
−4 and α2 = 10−2, we obtain a large dijet signal,
which suffers, however, from a huge QCD background. The
dimuon channel is therefore most promising, as its dominant
background is SM Z-boson production.
To show the potential of the HL-LHC to discover a heavy
Higgs boson that couples to a new gauge sector, we simulate
the gluon fusion process for our benchmark model,
pp→ S → l−l+, (12)
where l− and l+ represent electrons or muons. We implement
theU(1)B−L model and its interactions with the help of Feyn-
Rules [50] and simulate the partonic events with MadGraph5
[51]. One extra jet is also taken into account in the simu-
lation in order to better estimate the kinematic distributions
and cross sections. Hadronization and detector effects were
taken into account with the Pythia8 [52] and Delphes3 [53]
interfaces to MadGraph5, respectively, within the kT-MLM
jet matching scheme [54]. The one-loop S production through
gluon-fusion has been implemented following the lines of Ref.
[55]. The relevant backgrounds for our signals are the Z, h, γ,
bZ, WZ and bb¯Z production processes. They were simulated
5with the same tools as those used in the signal simulation. In
order to suppress these backgrounds and select the candidate
signal events we adopt the following basic cuts:
pT1,2 > 20 GeV, |η`| < 2.5 (13)
6ET < 40 GeV,m2` > 250 GeV, (14)
where pTn denotes the n-th hardest lepton of the event. We
reject events with missing transverse energy larger than 40
GeV in order to eliminate WZ and tt¯ events. Backgrounds
with bottom jets are efficiently cleaned up with lepton isola-
tion criteria. Finally, a hard cut on the two-lepton invariant
mass mS − 40 GeV < m`` < mS + 40 GeV helps to identify
typical leptons from a heavy resonance decay.
In Fig. 8, we compare the signal of the heavy resonance
of mass 500 GeV in the invariant mass distribution of the
dilepton system to the background, which is still large be-
fore the kinematic cuts. After these cuts, the signal can
be made visible at the level of 5σ at the HL-LHC. Fig. 9
then shows the required luminosity at 13 TeV center-of-mass
energy for this significance, computed with the significance
metric NS/
√
NS +NB + (xNB)2, where x presents the as-
sumed systematic error. The continuous line shows the ideal
case with negligible systematic errors, while the dashed line
assumes a systematic error of 10%. We observe that the cur-
rent LHC with 100 fb−1 of integrated luminosity cannot dis-
cover these singlet-like scalars, as their TeV-scale signals are
still covered by too large backgrounds. However, in the near
future, after the LHC luminosity upgrade scheduled for 2023
to 2025, it will become possible to explore singlet-like scalars
up to masses of ∼ 1 TeV despite the fact that they are heavy,
only weakly coupled, constrained by the SM-like Higgs mass
and branching ratios and are derived from UV-complete mod-
els with additional theoretical constraints.
IV. CONCLUSIONS
We have discussed the phenomenology of a TeV-scale
scalar field living in a U(1)B−L gauge extension of the SM
that contains both a 2HDM and a scalar singlet. The model is
known to explain neutrino masses in a flavor-safe framework
and can be extended in a straightforward way to also explain
dark matter, e.g. by the addition of a vector-like fermion. In
this case the heavy scalar would be the witness of an under-
lying broken gauge symmetry rather than an ad-hoc Z2 sym-
metry typically invoked to stabilize dark matter. We focused
on the scenario in which the singlet scalar is weakly coupled
to the 2HDM sector. In this scenario, the known mass and
branching ratios of the SM-like Higgs boson can be used to
restrict several of the model parameters. We studied the dis-
covery reach of the LHC with a center-of-mass energy of 13
TeV for such a heavy singlet-like scalar decaying to dilep-
tons. We found that the HL-LHC with integrated luminosities
of ∼ 1400 fb−1 allows for a discovery of these heavy Higgs
bosons up to masses of about 1 TeV.
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V. APPENDIX
Partial widths of singlet-like heavy Higgs bosons The par-
tial widths of the heavy scalar S for the decay channels rele-
vant to our study (µµ¯, bb¯, hH, ZZ, Z ′Z ′ and Z ′Z) in the
small coupling limit (α1,2  1) are given by:
ΓSµµ¯ =
√
m2S(m
2
S − 4m2µ)3s2α(4m2µ −m2S)
8pis2βm
3
S
(15)
ΓSbb¯ =
√
m2S(m
2
S − 4m2b)3s2α(4m2b −m2S)
8pis2βm
3
S
(16)
ΓShH =
√
m4h − 2m2hm2H +m4H − 2m2hm2S − 2m2Hm2S +m4S
64pim3S
×
(µc2α + µSs
2
α − µ1sαvs − µ2sαvs)2
(17)
ΓSZZ = g
4
B−L
√
m2S(m
2
S − 4m2Z)(m4S − 4m2Sm2Z + 12m2Z)s4ξv2s
128m4Zpim
3
S
(18)
ΓSZ′Z′ = g
4
B−L
√
m2S(m
2
S − 4m′2Z )(m4S − 4m2Sm2Z + 12m′2Z )c4ξv2s
128m′4Zpim
3
S
(19)
ΓSZ′Z = g
4
B−L
√
m4S − 2m2Sm2Z +m4Z − 2m2Sm′2Z − 2m2Zm′2Z +m′4Z
256m2Zm
′2
Zpim
3
S
×(m4S − 2m2Sm2Z + 12m′4Z − 2m2Sm′2Z + 10m2Zm′2Z +m′4Z )q4Ss2ξc2ξv2s
(20)
Here, we have defined sξ = sin ξ and cξ = cos ξ, sβ = sinβ
and sα = sinα for simplicity.
Gauge kinetic terms and gauge boson masses In the
canonical basis, the gauge covariant derivative for small 
reads
Dµ = ∂µ+ igT
aW aµ + ig
′QY
2
Bµ+
i
2
(
g′
QY
cos θW
+ gXQX
)
Xµ
(21)
or explicitly
Dµ = ∂µ +
i
2
(
gW 3µ + g
′QYBµ +GXXµ g
√
2W+µ
g
√
2W−µ −gW 3µ + g′QYBµ +GXXµ
)
.
(22)
Here, we have defined
GXi =
g′QYi
cos θW
+ gXQXi (23)
6500 600 700 800 900 1000
mS [GeV]
10 4
10 3
10 2
10 1
100
(p
p
S)
[fb
]
1 = 10 4, 2 = 10 2
1 = 10 4, 2 = 10 4
500 600 700 800 900 1000
mS [GeV]
10 2
10 1
100
101
(g
g
S
)[f
b]
ATLAS@13TeV
1 = 10 4, 2 = 10 2
Figure 7. Left: Total production cross sections of heavy scalars S for scenarios with α1 = α2 = 10−4 and α1 = 10−4, α2 = 10−2. Right:
Upper limit on the gluon-gluon fusion production of scalars decaying into dimuons imposed by the ATLAS collaboration (black) and our
model prediction assuming α1 = 10−4 and α2 = 10−2 (blue).
Figure 8. Dilepton invariant mass distribution for a singlet-like scalar
boson of mass ms = 500 GeV (blue) and its SM background (red)
before cuts and for an integrated luminosity of 3000 fb−1.
withQYi being the hypercharge of the scalar doublet, which in
the 2HDM is taken equal to +1 for both scalar doublets, and
QXi being the charge of the scalar doublet i under U(1)X .
From the part of the Lagrangian responsible for the gauge bo-
son masses, we can extract the relevant terms
Lmass = m2WW−µ W+µ + 12m
2
ZZµZ
µ −∆2ZµXµ + 1
2
m2XXµX
µ
(24)
with
m2W =
1
4
g2v2,m2Z =
1
4
g2Zv
2 (25)
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Figure 9. Required luminosity of the HL-LHC at 13 TeV center-of-
mass energy to discover a singlet-like Higgs boson S with 5σ as a
function of its mass for an assumed systematic error or 10% (dotted
line) and 0% (continuous line).
and
∆2 =
1
4
gZ
(
GX1v
2
1 +GX2v
2
2
)
(26)
7as well as
m2X =
1
4
(
v21G
2
X1 + v
2
2G
2
X2 + v
2
Sg
2
Xq
2
X
)
. (27)
This leads to the gauge boson mass matrix
m2ZX =
1
8
(
g2Zv
2 −gZ
(
GX1v
2
1 +GX2v
2
2
)
−gZ
(
GX1v
2
1 +GX2v
2
2
)
v21G
2
X1 + v
2
2G
2
X2 + v
2
Sg
2
Xq
2
X
)
.
(28)
The above expression, Eq. (28), representing the mixing be-
tween the SM Z-boson and the new gauge boson X , is valid
for arbitrary U(1)X charges of singlet and doublet scalars. It
is important to notice that, when QX1 = QX2 and there is no
singlet contribution, the determinant of the matrix Eq. (28) is
zero. The matrix in Eq. (28) is diagonalized through a rotation
O(ξ) (
Z
Z ′
)
=
(
cos ξ − sin ξ
sin ξ cos ξ
)(
Z
X
)
. (29)
Its mass eigenvalues are
m2Z =
1
2
[
m2Z +m
2
X −
√
(m2Z −m2X)2 + 4 (∆2)2
]
,(30)
m2Z′ =
1
2
[
m2Z +m
2
X +
√
(m2Z −m2X)2 + 4 (∆2)2
]
,(31)
while the mixing angle ξ is determined by
tan ξ =
∆2
m2Z −m2X
. (32)
Since this mixing angle is supposed to be small, as m2Z′ 
m2Z , we can approximate tan ξ with
sin ξ ' GX1v
2
1 +GX2v
2
2
m2Z′
(33)
and expand this equation further, substituting the expressions
for GXi and factoring out the mZ mass, to obtain
sin ξ ' m
2
Z
m2Z′
(
gX
gZ
(QX1 cos
2 β +QX2 sin
2 β) +  tan θW
)
.
(34)
[1] G. Aad et al. (ATLAS), Phys. Lett. B716, 1 (2012),
arXiv:1207.7214 [hep-ex].
[2] S. Chatrchyan et al. (CMS), Phys. Lett. B716, 30 (2012),
arXiv:1207.7235 [hep-ex].
[3] B. Patt and F. Wilczek, (2006), arXiv:hep-ph/0605188 [hep-
ph].
[4] A. Djouadi, O. Lebedev, Y. Mambrini, and J. Quevillon, Phys.
Lett. B709, 65 (2012), arXiv:1112.3299 [hep-ph].
[5] S. Antusch, M. Drees, J. Kersten, M. Lindner, and M. Ratz,
Phys. Lett. B525, 130 (2002), arXiv:hep-ph/0110366 [hep-ph].
[6] D. Atwood, S. Bar-Shalom, and A. Soni, Phys. Lett. B635, 112
(2006), arXiv:hep-ph/0502234 [hep-ph].
[7] Z. Liu and P.-H. Gu, Nucl. Phys. B915, 206 (2017),
arXiv:1611.02094 [hep-ph].
[8] K. Cheung, H. Okada, and Y. Orikasa, (2017),
arXiv:1706.02084 [hep-ph].
[9] G. Arcadi, M. Lindner, F. S. Queiroz, W. Rodejohann, and
S. Vogl, JCAP 1803, 042 (2018), arXiv:1711.02110 [hep-ph].
[10] E. Bertuzzo, S. Jana, P. A. N. Machado, and
R. Zukanovich Funchal, (2018), arXiv:1808.02500 [hep-
ph].
[11] L. Lopez Honorez, E. Nezri, J. F. Oliver, and M. H. G. Tytgat,
JCAP 0702, 028 (2007), arXiv:hep-ph/0612275 [hep-ph].
[12] M. Gustafsson, E. Lundstrom, L. Bergstrom, and J. Edsjo,
Phys. Rev. Lett. 99, 041301 (2007), arXiv:astro-ph/0703512
[ASTRO-PH].
[13] E. M. Dolle and S. Su, Phys. Rev. D80, 055012 (2009),
arXiv:0906.1609 [hep-ph].
[14] W. Chao and M. J. Ramsey-Musolf, Phys. Rev. D89, 033007
(2014), arXiv:1212.5709 [hep-ph].
[15] A. Goudelis, B. Herrmann, and O. Stl, JHEP 09, 106 (2013),
arXiv:1303.3010 [hep-ph].
[16] L. Lopez Honorez and C. E. Yaguna, JHEP 09, 046 (2010),
arXiv:1003.3125 [hep-ph].
[17] L. Lopez Honorez and C. E. Yaguna, JCAP 1101, 002 (2011),
arXiv:1011.1411 [hep-ph].
[18] M. Klasen, C. E. Yaguna, and J. D. Ruiz-Alvarez, Phys. Rev.
D87, 075025 (2013), arXiv:1302.1657 [hep-ph].
[19] S. Esch, M. Klasen, and C. E. Yaguna, Phys. Rev. D88, 075017
(2013), arXiv:1308.0951 [hep-ph].
[20] M. Klasen and C. E. Yaguna, JCAP 1311, 039 (2013),
arXiv:1309.2777 [hep-ph].
[21] A. Arhrib, Y.-L. S. Tsai, Q. Yuan, and T.-C. Yuan, JCAP 1406,
030 (2014), arXiv:1310.0358 [hep-ph].
[22] S. Esch, M. Klasen, and C. E. Yaguna, JHEP 09, 108 (2014),
arXiv:1406.0617 [hep-ph].
[23] C. Bonilla, D. Sokolowska, N. Darvishi, J. L. Diaz-Cruz, and
M. Krawczyk, J. Phys. G43, 065001 (2016), arXiv:1412.8730
[hep-ph].
[24] F. S. Queiroz and C. E. Yaguna, JCAP 1602, 038 (2016),
arXiv:1511.05967 [hep-ph].
[25] G. Arcadi, Eur. Phys. J. C78, 864 (2018), arXiv:1804.04930
[hep-ph].
[26] E. Ma and U. Sarkar, Phys. Rev. Lett. 80, 5716 (1998),
arXiv:hep-ph/9802445 [hep-ph].
[27] E. Ma, Phys. Rev. Lett. 86, 2502 (2001), arXiv:hep-ph/0011121
[hep-ph].
[28] E. Ma, Phys. Rev. D66, 037301 (2002), arXiv:hep-ph/0204013
[hep-ph].
[29] W. Grimus, L. Lavoura, and B. Radovcic, Phys. Lett. B674,
117 (2009), arXiv:0902.2325 [hep-ph].
[30] M. Klasen, C. E. Yaguna, J. D. Ruiz-Alvarez, D. Restrepo, and
O. Zapata, JCAP 1304, 044 (2013), arXiv:1302.5298 [hep-ph].
8[31] S. Esch, M. Klasen, D. R. Lamprea, and C. E. Yaguna, Eur.
Phys. J. C78, 88 (2018), arXiv:1602.05137 [hep-ph].
[32] S. Esch, M. Klasen, and C. E. Yaguna, JHEP 10, 055 (2018),
arXiv:1804.03384 [hep-ph].
[33] J. Fiaschi, M. Klasen, and S. May, (2018), arXiv:1812.11133
[hep-ph].
[34] M. Klasen, F. Lyonnet, and F. S. Queiroz, Eur. Phys. J. C77,
348 (2017), arXiv:1607.06468 [hep-ph].
[35] M. Bauer, S. Diefenbacher, T. Plehn, M. Russell, and D. A.
Camargo, SciPost Phys. 5, 036 (2018), arXiv:1805.01904 [hep-
ph].
[36] D. A. Camargo, M. D. Campos, T. B. de Melo, and F. S.
Queiroz, (2019), arXiv:1901.05476 [hep-ph].
[37] D. A. Camargo, A. G. Dias, T. B. de Melo, and F. S. Queiroz,
(2018), arXiv:1811.05488 [hep-ph].
[38] T. Jezo, M. Klasen, and I. Schienbein, Phys. Rev. D86, 035005
(2012), arXiv:1203.5314 [hep-ph].
[39] T. Jezo, M. Klasen, D. R. Lamprea, F. Lyonnet, and I. Schien-
bein, JHEP 12, 092 (2014), arXiv:1410.4692 [hep-ph].
[40] D. A. Camargo, L. Delle Rose, S. Moretti, and F. S. Queiroz,
(2018), arXiv:1805.08231 [hep-ph].
[41] D. Buttazzo, F. Sala, and A. Tesi, JHEP 11, 158 (2015),
arXiv:1505.05488 [hep-ph].
[42] C. Beskidt, W. de Boer, and D. I. Kazakov, Phys. Lett. B782,
69 (2018), arXiv:1712.02531 [hep-ph].
[43] G. Apollinari, O. Brning, T. Nakamoto, and L. Rossi, CERN
Yellow Report , 1 (2015), arXiv:1705.08830 [physics.acc-ph].
[44] M. D. Campos, D. Cogollo, M. Lindner, T. Melo, F. S. Queiroz,
and W. Rodejohann, JHEP 08, 092 (2017), arXiv:1705.05388
[hep-ph].
[45] X.-J. Xu, Phys. Rev. D95, 115019 (2017), arXiv:1705.08965
[hep-ph].
[46] N. Chen, C. Du, Y. Wu, and X.-J. Xu, (2018),
arXiv:1810.04689 [hep-ph].
[47] A. Hook, E. Izaguirre, and J. G. Wacker, Adv. High Energy
Phys. 2011, 859762 (2011), arXiv:1006.0973 [hep-ph].
[48] Y. Mambrini, JCAP 1107, 009 (2011), arXiv:1104.4799 [hep-
ph].
[49] D. A. Camargo, Y. Mambrini, and F. S. Queiroz, Phys. Lett.
B786, 337 (2018), arXiv:1805.12162 [hep-ph].
[50] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr,
and B. Fuks, Comput. Phys. Commun. 185, 2250 (2014),
arXiv:1310.1921 [hep-ph].
[51] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T. Stelzer,
JHEP 06, 128 (2011), arXiv:1106.0522 [hep-ph].
[52] T. Sjostrand, S. Mrenna, and P. Z. Skands, Comput. Phys. Com-
mun. 178, 852 (2008), arXiv:0710.3820 [hep-ph].
[53] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lema-
tre, A. Mertens, and M. Selvaggi (DELPHES 3), JHEP 02, 057
(2014), arXiv:1307.6346 [hep-ex].
[54] M. L. Mangano, M. Moretti, F. Piccinini, and M. Treccani,
JHEP 01, 013 (2007), arXiv:hep-ph/0611129 [hep-ph].
[55] T. Plehn, Lect. Notes Phys. 844, 1 (2012), arXiv:0910.4182
[hep-ph].
